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Abstract

Durum wheat culture requires a high level of N fertilization to achieve ideal protein concen-
tration for semolina and pasta quality, contributing to N losses. Optimizing plant N use effi-
ciency could improve agro-environmental balance. In the current paper, we studied the
impact of the marine (DPI4913) and fungal (AF086) extracts (biostimulants) applied on leaves
on growth, N absorption and N fluxes in durum wheat in field and greenhouse experiments.
In the field, 15NO3

− and 15NH4
+ were injected into the soil; in the greenhouse, N of the flag-leaf

was labelled with 15NH4
+. Flag-leaf senescence was studied by estimating leaf chlorophyll con-

centration. In greenhouse, biostimulants increased grain yield, total N in plant and the pro-
portion of plant N in ears. When water was limited in greenhouse experiment, neither
biostimulants had any effect. In the field, DPI4913 increased soil fertilizer-derived 15N accu-
mulated in grains. In the greenhouse, biostimulants increased the proportion of 15N applied to
the flag-leaf recovered in grains and accelerated leaf senescence. For plants treated with bios-
timulants, flag-leaf N resorption increased. Biostimulants had a larger positive impact on min-
eral N root uptake than on N remobilization. In conclusion, our study has shown that
DPI4913 and AF086 can promote plant growth and grain yield, N uptake and remobilization.
Thus, these biostimulants could be used to optimize durum wheat N fertilization and contrib-
ute to reduced N losses.

Introduction

Durum wheat (Triticum durum) is a crop mainly cultivated for the production of pasta and
semolina. A high level of proteins confers properties to the grains that are valued for the trans-
formation process in the pastry industry (Bushuk, 1997). The percentage of proteins in grains
is enhanced by increased N fertilization (Daniel and Triboi, 2000). On the other hand, farmers
are concerned by the constraints inherent to environmental issues. In Europe, the Nitrates
Directive aims at protecting ground and surface water from nitrate pollution (Monteny,
2001). To meet both industrial and environmental requirements, complementary processes
have to be developed to better manage crop nutrition.

New strategies such as the use of biological molecules that act as biostimulants have been
proposed. Yakhin et al. (2017) defined biostimulants as ‘a formulated product of biological ori-
gin that improves plant productivity as a consequence of the novel or emergent properties of
the complex of constituents, and not as a sole consequence of the presence of known essential
plant nutrients, plant growth regulators, or plant protective compounds’. They are also able to
increase the plant nutrient use efficiency and tolerance to abiotic and biotic stresses (Colla
et al., 2015a; Nardi et al., 2016; Tanou et al., 2017). In addition, they can enhance the effect-
iveness of conventional mineral fertilizers (Craigie, 2011; Bulgari et al., 2015). Biostimulants
are available in a variety of formulations and originating from different organic materials.
They include humic substances, complex organic materials, beneficial chemical elements, pep-
tides and amino acids, inorganic salts, seaweed extracts, chitin and chitosan derivatives, anti-
perspirants and other N-containing substances (Nardi et al., 2016). Among these categories,
substances extracted from seaweeds are the most frequently studied, and fungi extracts are
receiving increasing attention (du Jardin, 2015).

Studies on the effect of seaweed extracts have shown that they can improve growth in trea-
ted grapevine, strawberry, Arabidopsis thaliana and rapeseed (Mancuso et al., 2006; Rayorath
et al., 2008; Roussos et al., 2009; Jannin, 2012). In the case of grapevine, marine bioactive sub-
stances induced a higher capacity to accumulate macronutrients, especially in leaves.
Moreover, it helped plants to better resist water stress, maintaining a higher leaf water potential
and stomatal conductance (Mancuso et al., 2006). Enhanced root length and increased nitrate
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reductase activity have been reported in A. thaliana (Durand
et al., 2003; Rayorath et al., 2008). Nitrogen uptake was stimulated
by seaweed extract application on rapeseed (Jannin et al., 2013).

Fungal bioactive substances released by Trichoderma can sup-
ply nutrients to the host plant (Behie and Bidochka, 2014). These
substances also displayed biopesticidal and biocontrol capacities
(Mukherjee et al., 2013; Nicolás et al., 2014). Trichoderma appli-
cation to vegetable crops increased tolerance to abiotic stress
(Shoresh et al., 2010), nutrient use efficiency and organ growth
(Colla et al., 2015b). The release of active metabolites by
Trichoderma improved water and nutrient uptake capacity,
thereby having an effect on abiotic stress tolerance, plant yield
and growth (López-Bucio et al., 2015).

The effect of marine and fungal biostimulants depends on
many factors such as the species or experimental conditions
(Faessel et al., 2014). Although marine and fungi biostimulants
are widely studied for their effect on yield and plant growth
(Khan et al., 2009; Hermosa et al., 2012; Latique et al., 2014),
very few studies refer to their specific effect on durum wheat
crops. Moreover, mechanisms involved in the effects of biostimu-
lants on N nutrition and fluxes within the plants are poorly
understood (Calvo et al., 2014).

Brown and Saa (2015) assumed that biostimulants would
reduce negative plant response to stress by interacting with
plant signalling processes. Indeed, algae and their extracts can
be used in crop management to increase abiotic and biotic stress
resistance (Sharma et al., 2014). Moreover, Trichoderma induces
plant defense responses under stress conditions (Mastouri et al.,
2012; Contreras-Cornejo et al., 2015).

The objective of the current study was to quantify the effect of
two biostimulants (marine, DPI4913, and fungal, AF086) used in
foliar application on durum wheat, on important agronomic traits
including yield and grain N relationships. Impacts on protein
composition of these biostimulants have recently been described
by Pichereaux et al. (2019). The study, performed in greenhouse,
has shown that DPI4913 and AF086 treatments promote grain
yield while maintaining protein concentration in grains, and posi-
tively affect protein composition in terms of grain quality. The
current study aims at determining if these biostimulants could
be used to optimize durum wheat production in the field. We
also attempt to elucidate the impact of the biostimulants on N
absorption and N fluxes within the plant, especially towards
grains in greenhouse experiments. To our knowledge, only a
few studies have focused on the impact of biostimulants on N
use efficiency at the whole plant scale.

Materials and methods

Experimental designs

A first field experiment (Experiment 1) was conducted from
October 2014 to July 2015 in Saint-Sulpice, France (43°33′N,
1°27′E, 200 m a.s.l.). Durum wheat var. Miradoux was sown at
a seed rate of 300 seeds/m2 in a silty, clayey and sandy soil (pH
8.0, 41.1% silt, 32.9% clay, 26.0% sand 19.5 g/kg organic matter).
N fertilization was designed to follow conventional farming prac-
tices. A quantity of 180 kg N/ha was supplied in four applications:
the first in February at the end of the tillering stage (granules of
ammonium nitrate: 50 kg N/ha); the second at the first node
stage (granulated nitrogen–sulphur fertilizer: 40 kg N/ha); the
third at the second node stage (granules of ammonium nitrate:
60 kg N/ha) and the fourth at the fully-emerged flag-leaf stage

(granules of ammonium nitrate: 30 kg N/ha). The experiment
used a completely randomized design, and each treatment was
replicated ten times.

Another field experiment (Experiment 2) was conducted from
October 2015 to July 2016 in Mervilla, France (43°50′N, 1°47′E,
270 m a.s.l.). The durum wheat var. Anvergur was sown at the
rate of 300 seeds/m2 in a silty, clayey and sandy soil (pH 8.2,
37.6% silt, 32.0% clay, 30.4% sand and 9.7 g/kg organic matter).
N (200 kg N/ha) was supplied in three applications: the first at
the start of stem elongation (granulated nitrogen–sulphur fertil-
izer: 65 kg N/ha); the second at the first node stage (granules of
perlurea fertilizer: 85 kg N/ha) and the third at the visible flag-leaf
stage (granules of ammonium nitrate: 50 kg N/ha). The experi-
ment used a split-plot design in which biostimulant treatments
were randomized on the plots and each treatment was replicated
eight times. Plot dimensions were 2 by 4 m.

A greenhouse experiment was carried out from January to
June 2016 in Toulouse, France (43 °52′N, 1 °50′E, 146 m a.s.l.).
Seeds of the durum wheat var. Anvergur were germinated in plas-
tic cups filled with sand for 1 week in a growth chamber (25 °C/
20 °C day/night, light intensity of 200 μmol/m2/s PAR, photo-
period of 12 h) and then for 2 weeks in the greenhouse (20 °C
> T > 10 °C, ambient light, fertigated with a modified
Coïc-Lesaint solution). The nutrient solution composition was
as follows: 9.03 mM NO3

−, 1.25 mM NH4
+, 0.88 mM PO4

3−, 3.49
mM K+, 2.70 mM Ca2+, 0.96 mM Mg2+ and 0.96 mM SO4

2−.
Seedlings were transferred to 2-litres plastic pots containing 2.2
kg of sandy soil (pH 5.0, 86.4% sand, 10.6% silt, 3.0% clay,
51.7 g/kg organic matter). Each pot contained four one-tiller
plants and received 50 ml of nutrient solution two to three
times a week depending on plant needs.

The soil water retention capacity was determined as follows:
five 2-litre pots were filled with soil saturated with water. After
the complete percolation of free water, the soil water content
reached field capacity. The soil samples were then weighed, placed
in an oven at 105 °C for 48 h and then weighed again. The soil
water content at field capacity was calculated as the difference
between the two weights: 20.6%.

To investigate if biostimulants affect N nutrition under stress-
ful as well as favourable environment, plants were subjected to
two water treatments: standard irrigated conditions and water-
stressed conditions. From the second node stage until harvest,
pots were weighed three times a week and soil water content
was adjusted to 75% of field capacity for the standard irrigated
conditions and to 60% for the water-stressed conditions.

The greenhouse experiment used a randomized complete block
design. Eachblock contained acomplete set of treatments. The experi-
ment was divided into eight blocks, each containing one replication
of each treatment. One pot containing four plants is a replication.

Biostimulant treatments

The following products were tested: DPI4913 containing
Ascophyllum nodosum extract and a mix of amino acids
(5% weight/weight proteinogenic hydrophilic amino acids).
Three treatments were compared: control (no foliar treatment),
DPI4913 (foliar application at a rate of 1 litre/ha) and AF086
(foliar application at a rate of 5 litre/ha). Both DPI4913 and
AF086 were provided by Agronutrition (nutritional supplements
company, De Sangosse Group, Carbonne, France). Treatments
were applied one time at the fully-emerged flag-leaf stage for
the field experiment in Carbonne, and one time at the second
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node stage for the field experiment in Mervilla and the green-
house experiment in Toulouse.

Plant labelling

In field Experiment 1, in order to estimate the potential of the
plants to transfer soil mineral N to grains, the soil NH4

+ and
NO3

− pool were labelled with 15NH4Cl and K15NO3, as previously
described by Pornon et al. (2007). Briefly, the labelling solution
(2.4 litres, 2.38 mM NH4

+ and 2.15 mM NO3
−, 15N abundance of

99 atom%) was injected into the upper 15 cm of soil with a needle
(24 injection points in 45 × 60 cm2 plots) at the fully-emerged
flag-leaf stage. The amounts of 15N supplied to the plots were cal-
culated so as to be able to detect the label after its dilution in the
plant-soil system and were sufficiently low to avoid any meaning-
ful modification of the total soil N (5% increase).

In the greenhouse, two plants per pot received 25 μl of
Cl15NH4 solution (1.28 M abundance of 99 atom%) on the
flag-leaf when it was fully emerged for one group of plants and
at the flowering stage for another group of plants. The 15ClNH4

solution was deposited on the lower leaf surface using a micropip-
ette. The deposit zone was gently rubbed with a brush beforehand
to remove the hydrophobic cuticle, allowing for better absorption
of the labelled solution in leaves. Tissues were sampled at harvest,
which was performed at maturity.

Harvest

For both field experiments, harvest was performed at maturity with
a plot combine-harvester (Delta plot combine, Wintersteiger,
Austria). Grain yield was measured for each plot. Protein concen-
tration was determined by spectroscopy on a sample of approxi-
mately 2 kg of grains using a grain analyzer (FOSS
Infratec™1241, FOSS, Nanterre, France).

In the greenhouse, plants were harvested at maturity and divided
into roots, grains, remaining ears (glumes and beards), flag leaves and
remaining shoots (stems and leaves). They were then dried (60 °C for
48 h) for dry weight determination and subsequently ground into a
fine powder for 15N and N analysis with a mass spectrometer
(Isoprime™) coupled to an elemental auto-analyzer (EA 2000,
EuroVector™, Manchester, UK). Natural 15N abundance was mea-
sured on four samples of each compartment fromplants not exposed
to 15N labelling. The amount of 15N (g) in samples was calculated as:

15N = 15Nexcess = Masssample × [N]sample × (Asample − Anatural)

where Masssample is the dry mass of the sample (g dry weight);
[N]sample is the N concentration (%) of the sample; Asample is the
15N abundance in the sample from 15N labelled plots and Anatural is
the 15N abundance in sample from unlabelled plants.

The flag-leaf of some plants was harvested when fully emerged,
whereas for others, it was harvested at maturity. For both, the ears
were harvested at maturity. Each plant organ (flag-leaf and ear)
was dried (60°C for 48 h) for dry weight determination and then
ground into a fine powder for N analysis (vario El cube elemental
analyzer, Elementar, Langenselbold, Germany). N remobilization
efficiency (NRE, proportion ofN in the flag-leafwhen fully emerged
that is not present at harvest) was calculated using Eqn (1):

NRE = (NF − NM) × 100
NF

(1)

whereNF is the amount ofN in fully-emerged flag-leaf stage andNM

is the amount of N in flag-leaf at maturity.
SPAD values of flag leaves were determined using a chloro-

phyll meter (Minolta SPAD-502) two to three times a week
from flowering until complete senescence.

Statistical analysis

Data were analysed using R software (Free Software Foundation,
Inc., Boston, MA, USA). Analysis of variances (ANOVAs) were
followed by Tukey’s tests.

Results

Field experiments

Grain yield and protein concentration
Both biostimulants lead to a small but non-significant increase in
grain yield (DPI4913: +1.8 and +5.5%; AF086: +4.0 and +3.9%, in
Experiments 1 and 2 (Table 1), respectively). Biostimulants had
no effect on grain protein concentration (Table 1).

Accumulation in grains of 15N injected in soil as mineral N
Following injection of 15NH4

+ and 15NO3
− in the soil at the

fully-emerged flag-leaf stage, the proportion of 15N recovered in
grains, glumes and beards (GGB) at harvest was increased by
24.7% for the plants treated with DPI4913 (significant) and by
18.7% for the plants treated with AF086 (no significant) (Table 2).

Greenhouse experiment

Biomass in plant compartments
The plants bore only one ear each as they had only one tiller each.
The water-restricted regime significantly decreased by 33.0% total
dry biomass per plant (Table 3).

For the standard irrigation regime, the total dry biomass per
plant was significantly higher for plants treated with biostimu-
lants (+19.7% for DPI4913 and +19.3% for AF086, Table 3)

Table 1. Grain yield and protein concentration in wheat under different foliar
treatments (field Experiment 1: FI1; field Experiment 2: FI2)

Grain yield
(t/ha)

Grain protein
concentration (%)

FI1 – average ± S.D.; n = 10

Control 8.4 ± 0.31a 11.3 ± 0.1a

DPI 4913 8.5 ± 0.62a 11.3 ± 0.1a

AF086 8.7 ± 0.50a 11.2 ± 0.1a

FI2 – average ± S.D.; n = 8

Control 8.50 ± 0.81a 12.7 ± 0.6a

DPI4913 9.0 ± 0.94a 12.7 ± 0.6a

AF086 8.8 ± 0.69a 12.6 ± 0.6a

ANOVA P-value

Treatment – FI1 0.31 0.25

Treatment – FI2 0.40 0.76

Block – FI2 <0.001 <0.001

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments.
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compared to the control. This was mainly due to significant
effects on shoot dry biomass (+19.5% for DPI4913 and +17.8%
for AF086), including significant higher grain dry biomass
(+23.9% for DPI4913 and +20.4% for AF086). Although the effect
was not significant, the mean values of root dry biomass were
increased in the same proportion (+25.0% for DPI4913 and
+32.1% for AF086).

Under water limitation, biostimulants had no significant effect
on dry biomass. This treatment was not considered further.

Amount of nitrogen in the plant
The N amounts in plant compartments were considered in grains
(G), in glumes and beards (GB), in ear (GGB), in shoots except
ear (S) and in roots (R).

The DPI4913 treatment significantly increased the total
amount of N in plants (+28.9%, Table 4) compared to the control.
The increase for the AF086 treatment (+23.3%) was not signifi-
cant. The proportion of N found in the ear (GGB) at harvest
was significantly increased by 12.3% with DPI4913 and 8.0%
with AF086. The proportion of N in roots was significantly
lower for treated plants (DPI4913: −49.9%; AF086: −33.7%).

For both biostimulants, the amount of N in grains per plant
was significantly higher in treated plants than in the control
(Table 5). The additional amount of N found in grains was
9.26 mg with DPI4913 (+25.1% compared to the control) and
9.50 mg with AF086 (+25.8% compared to the control).
However, grain nitrogen concentration was not affected by the
application of biostimulants.

Nitrogen remobilization
Dry biomass, N concentration and N amount in flag leaves
showed a significant decrease between the fully-emerged flag-leaf
stage and maturity: −9.9, −71.7 and −74.8%, respectively
(Table 6).

At the fully-emerged flag-leaf stage, the flag-leaf dry biomass
and amount of N were significantly increased in plants treated
with DPI4913 (dry biomass: +22.7%; amount of N: +25.9%).
Mean values were also increased by AF086 but this was not sig-
nificant (dry biomass: +8.3%; amount of N: +5.7%). Flag-leaf N
concentration was not affected by biostimulant application.

At maturity, flag-leaf dry biomass, N concentration and
amount of N were not affected by biostimulants.

Flag-leaf NRE was calculated as the proportion of N in the
flag-leaf at the fully-emerged stage that is not present in the
flag-leaf at maturity (Eqn (1)). In control plants, this proportion

was 68.2%. It was slightly higher for AF086 (+69.6%) and for
DPI4913 (+79.6%) but this was not significant (P-value = 0.12).

Flag-leaf endogenous N was labelled with 15NH4
+ at the

fully-emerged stage. The proportion of 15N supplied to the
flag-leaf and still present in this leaf at harvest was around 2%,
and the proportion of 15N recovered in the rest of the plant was
between 52.0 and 64.4%, depending on the treatment. This pro-
portion was significantly enhanced by 23.9% for plants treated
with DPI4913 (Table 7). The mean 15N value was increased by
15.6% with AF086 but the difference was not significant.

Following 15N labelling of the flag-leaf, 78.6% of the 15N recov-
ered in the rest of the control plants at maturity was found in the
grains. This proportion was increased by DPI4913 (+28.4%) and
AF086 (+15.5%), but this was not significant (P-value = 0.09).

When 15N labelling of the flag-leaf was performed at flowering,
the proportion of 15N retained by the flag-leaf at maturity was sig-
nificantly enhanced compared to labelling performed at an earlier
developmental stage (3.9 times higher). The labelling stage had a
slight effect on the proportion of 15N recovered in grains at har-
vest (see below). Biostimulants had no effect on the proportion of
15N remaining in the flag-leaf (control: 7.06%; DPI4913: 7.46%
and AF086: 6.75%) or on the proportion recovered in the grains
(control: 41.09%; DPI4913: 44.04% and AF086: 34.44%) at
harvest.

Flag-leaf senescence
DPI4913 and AF086 significantly reduced SPAD values in the flag
leaves of treated plants compared to the control during the grain
filling period (Fig. 1). For the control treatment, SPAD values
declined from 24 days after anthesis until maturity. Decline
began earlier for plants treated with DPI4913 (16 days after anthe-
sis) and AF086 (9 days after anthesis). Photosynthesis was altered
in leaves with SPAD values lower than 15 (data not shown), which
occurred earlier for DPI4913 and AF086 than for the control.
During the later filling stage, DPI4913 and AF086 treatments
reduced SPAD values and shortened the duration of the photo-
synthetic function in flag leaves.

Flag-leaf contribution towards grain filling
Flag-leaf removal at the fully-emerged stage significantly reduced
by 16.0% grain dry biomass per ear (Table 8). The amount of N
per ear was also significantly decreased by 15.3% (5.92 mg). Grain
N concentration was not affected by flag-leaf ablation.

Discussion

Results on the improvement in growth, nutrient absorption, stress
tolerance and crop quality by the application of biostimulants are
inconsistent in the literature. The positive effects of biostimulants
depend on many factors such as variety, environmental condi-
tions, application conditions (quantity, foliar or root application),
plant development stage, product formulation and storage condi-
tions (Faessel et al., 2014). To our knowledge, many studies have
considered biostimulant effects on soft wheat but only a few on
durum wheat.

In field experiments, no significant effects of biostimulants
were observed on grain yield and protein concentration.
However, mean values of grain yield were higher for plants treated
by biostimulants (Experiment 1: +1.8% for DPI4913 and +4.0%
for AF086, Experiment 2: +5.5% for DPI4913 and +3.9% for
AF086). Variability between plots (soil and climatic conditions)
may have had a greater impact than the use of biostimulants. In

Table 2. Proportion of 15N injected as 15NH4
+ and 15NO3

− into the soil at the
fully-emerged flag leaf stage recovered in the ear at harvest (field experiment 1)

Proportion of 15N injected
into the soil solution recovered

in the ear at harvest (%)

Average ± S.D.; n = 10

Control 15.47 ± 4.36a

DPI4913 19.29 ± 4.87b

AF086 18.37 ± 5.36ab

ANOVA P-value

Treatment 0.05

Lower case letters indicate a statistical difference (P < 0.05) between treatments.
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the same way, Al Majathoub (2004) observed that foliar applica-
tion of four types of biostimulants (micronutrients, humic acid,
seaweed extracts and amino acids) in a field experiment systemat-
ically affected plant growth and wheat yield, although this was
only significant for the seaweed extract. Thereafter, only experi-
ments in greenhouse are considered.

Biostimulants increased biomass and the amount of N in
grains per plant but did not affect N grain concentration

In the greenhouse experiment under a standard irrigation regime,
biostimulants significantly improved total dry biomass. This was
mainly due to the increase in grain biomass. Indeed, a significant
effect of biostimulants on grain yield was shown (+23.9% for
DPI4913 and +20.4% for AF086). Grain biomass increase

contributed to 50.9% of the biomass increase for plants treated
with DPI4913 and to 44.2% for plants treated with AF086. This
is consistent with the results observed by Rathore et al. (2009)
for soybean, by Jannin et al. (2013) for rapeseed and by Polo
and Mata (2018) for gold cherry tomato.

No significant effect was reported on grain N concentration.
However, since the grain biomass was higher for plants treated
with biostimulants, the amount of N in grains per plant increased
(+25.1% for DPI4913 and +25.8% for AF086).

Biostimulants did not display any effect under water limitation

Although biostimulants had an effect on grain yield under stand-
ard water conditions (greenhouse experiment), no effect of bios-
timulant application appeared under water limitation. Our results

Table 3. Dry biomass of wheat compartments under different foliar treatments for two irrigation regimes (greenhouse experiment)

Total dry biomass
per plant (g)

Shoot dry biomass
per plant (g)

Root dry biomass
per plant (g)

Grain dry biomass
per plant (g)

Average ± S.D.; n = 8

SI

Control 2.69 ± 0.59(a)B 2.41 ± 0.53(a)B 0.28 ± 0.13(a)A 1.13 ± 0.33(a)B

DPI 4913 3.22 ± 0.64(b)B 2.88 ± 0.58(b)B 0.35 ± 0.19(a)A 1.40 ± 0.35(b)B

AF086 3.21 ± 0.65(b)B 2.84 ± 0.61(b)B 0.37 ± 0.16(a)A 1.36 ± 0.36(b)B

WL

Control 2.11 ± 0.48(a)A 1.88 ± 0.44(a)A 0.23 ± 0.08(a)A 0.81 ± 0.26(a)A

DPI 4913 2.04 ± 0.51(a)A 1.79 ± 0.43(a)A 0.26 ± 0.11(a)A 0.76 ± 0.22(a)A

AF086 1.96 ± 0.48(a)A 1.71 ± 0.44(a)A 0.25 ± 0.10(a)A 0.70 ± 0.26(a)A

ANOVA P-value

Treatment 0.02 0.06 0.07 0.06

Treatment – SI <0.001 <0.001 0.09 0.002

Treatment – WL 0.35 0.17 0.38 0.13

Irrigation <0.001 <0.001 <0.001 <0.001

Block <0.001 <0.001 0.86 <0.001

Treatment × Irrigation <0.001 <0.001 0.45 <0.001

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments for a given irrigation level, whereas uppercase letters highlight a statistical difference between irrigation
levels.
SI, standard irrigation; WL, water limitation.

Table 4. Amount of nitrogen in plant and nitrogen distribution within plant compartments (greenhouse experiment)

Total amount of N per plant (mg) Proportion of N in GGB (%) Proportion of N in S (%) Proportion of N in R (%)

Average ± S.D.; n = 8

Control 58.58 ± 11.76a 68.68 ± 5.31a 23.52 ± 4.05a 7.82 ± 2.96b

DPI 4913 75.49 ± 12.42b 77.14 ± 5.87b 18.92 ± 3.63a 3.92 ± 2.64a

AF086 72.22 ± 17.33ab 74.20 ± 6.44b 20.61 ± 4.86a 5.19 ± 2.88a

ANOVA P-value

Treatment 0.05 <0.001 0.08 0.01

Block 0.47 0.08 0.33 0.10

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments.
G, grains; GB, glumes and beards; S, shoots except ear; R, roots.
Proportion of N in compartment (%) = Amount of N in a compartment

Total amount of N per plant × 100
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do not agree with the prior suggestions that A. nodosum and
Trichoderma extracts enhance stress tolerance in plants (Calvo
et al., 2014; López-Bucio et al., 2015).

After DPI4913 and AF086 treatment, the highest variations in
grain protein abundances were found for proteins involved in grain
technological properties but also in stress responses with the over-
representation of proteins implied in biotic and abiotic stress defense
(Pichereaux et al., 2019).The surprising absence of effect of biostimu-
lant application under water limitation may have been a result of the
extent and timing of the stresses imposed in this experiment.

Effect of biostimulants on the total amount of N contained per
plant (greenhouse experiment)

Because the total amount of N in plants at maturity was significantly
improved (28.9% with DPI4913 and 23.3% with AF086), it is

suggested that biostimulants have a positive effect on N net uptake
by plants, as observed for the application of marine biostimulants
on vines (Mugnai et al., 2007). This is strengthened by the results
of our field experiment (Experiment 1) where 15NH4

+ and 15NO3
−

ions were injected into the soil at the fully-emerged flag-leaf stage.
The amount of 15N recovered in ears at maturity was significantly
increased by 24.7% with DPI4913 and (non-significantly) increased
by 18.7% with AF086. This revealed that DPI4913 and, to a lesser
extent, AF086 increased the transfer to grains of soil N, suggesting
improved root N uptake, at least from the fully-emerged flag-leaf
stage to maturity. Billard et al. (2014) also reported the positive
effects of a biostimulant derived from algae on macronutrient
uptake (N, S, K and P) for winter oilseed rape, as well as on
root-to-shoot translocation of Fe and Zn. However, to our knowl-
edge, little is known about biostimulant effects on N fluxes.

Effect of biostimulants on N allocation to the ear and on 15N
remobilization from flag-leaf to grains

The proportion of N in the ear at maturity was higher for plants
treated with biostimulants (+12.3% for DPI4913, +8.0% for
AF086), whereas the proportion of N in other compartments
was lower (shoots except for ear: −19.6% for DPI4913
and −12.4% for AF086; roots: −49.9% for DPI4913 and −33.7%
for AF086). Nitrogen remobilization to the ear was thus improved
by DPI4913 and AF086 application.

According to Gate (1995), the flag-leaf contributes to 24% of
the N remobilization to the grains from flowering until harvest.
To study the effect of biostimulants on N remobilization, the
flag-leaf was labelled with 15NH4

+ at the fully-emerged stage and
at the flowering stage.

The labelling stage had a significant effect on the proportion of
15N remaining in the flag-leaf at maturity, but in both cases, most

Table 5. Nitrogen concentration and amount in grains per plant (greenhouse
experiment)

N concentration in
grains (%)

Amount of N in grains per
plant (mg)

Average ± S.D.; n = 8

Control 3.34 ± 0.34a 36.96 ± 8.62a

DPI 4913 3.37 ± 0.13a 46.22 ± 11.22b

AF086 3.39 ± 0.28a 46.48 ± 12.41b

ANOVA P-value

Treatment
0.88 <0.001

Block 0.08 0.03

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments.

Table 6. Flag leaf dry biomass, N concentration and N amount at two developmental stages: fully-emerged flag leaf and maturity (greenhouse experiment)

Flag leaf dry
biomass (mg)

Flag leaf nitrogen
concentration (%)

Amount of nitrogen
in the flag leaf (mg)

Average ± S.D.; n = 8

FL removed at FL fully-emerged stage

Control 50.36 ± 11.99(a)B 4.90 ± 0.23(ab)B 2.47 ± 0.61(a)B

DPI 4913 61.79 ± 13.51(b)B 5.01 ± 0.22(b)B 3.11 ± 0.76(b)B

AF086 54.53 ± 9.51(ab)B 4.76 ± 0.25(a)B 2.61 ± 0.54(ab)B

FL removed at maturity

Control 49.33 ± 10.64(a)A 1.43 ± 0.38(a)A 0.69 ± 0.14(a)A

DPI 4913 47.05 ± 10.29(a)A 1.28 ± 0.23(a)A 0.61 ± 0.18(a)A

AF086 53.86 ± 15.51(a)A 1.44 ± 0.28(a)A 0.76 ± 0.19(a)A

ANOVA P-value

Treatment 0.30 0.68 0.16

Treatment – FL fully-emerged stage 0.10 0.04 0.05

Treatment – Maturity 0.57 0.42 0.27

Removal stage 0.04 < 0.001 <0.001

Block 0.12 0.01 0.08

Treatment × Removal stage 0.06 0.05 0.03

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments for a given sampling stage, whereas uppercase letters highlight a statistical differencebetween sampling stages.
FL, flag leaf.
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of the tracer supplied to the leaves was redistributed to other plant
compartments at harvest. This indicates that foliar-applied N in
flag leaves was very mobile.

Most of the 15N applied to the flag-leaf recovered in the rest of
the plant was found in grains (79.6%). Biostimulants tend to

increase the proportion of 15N applied to the fully-emerged
flag-leaf that was recovered in the grains at harvest (+28.4% for
DPI4913, +15.5% for AF086) and in the whole plant (+23.9%
for DPI4913, +15.6% for AF086). When labelling was performed
at the flowering stage, no biostimulant effect on 15N allocation to

Table 7. Proportion of 15N applied on the flag leaf at the fully-emerged flag leaf stage recovered in total plant, in grains and remaining in the flag leaf at harvest
(greenhouse experiment)

Proportion of 15N applied to the
flag leaf recovered in the rest of the

plant at harvest (%)

Proportion of 15N applied
to the flag leaf recovered
in grains at harvest (%)

Proportion of 15N applied to the
flag leaf remaining in the flag

leaf at harvest (%)

Average ± S.D.

Control 52.00 ± 16.89a 40.86 ± 13.41a 2.24 ± 0.93a

DPI4913 64.44 ± 10.53b 52.48 ± 10.48a 1.66 ± 0.85a

AF086 60.11 ± 17.84ab 47.21 ± 15.27a 1.55 ± 0.54a

ANOVA P-value

Treatment 0.05 0.09 0.22

Block 0.01 0.03 0.91

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments.

Table 8. Grain dry biomass and amount of N per plant, and N concentration at maturity, for two flag leaf removal stages: fully-emerged flag leaf and maturity
(greenhouse experiment)

Grain dry biomass
per ear (g)

Grain nitrogen
concentration (%)

Amount of nitrogen
in all grains of an ear (mg)

Average ± S.D.

Flag leaf removed at fully-emerged flag leaf stage 1.00 ± 0.34a 3.33 ± 0.40a 32.81 ± 11.30a

Flag leaf removed at maturity 1.19 ± 0.35b 3.26 ± 0.30a 38.73 ± 12.80b

ANOVA P-value

Flag leaf removal stage 0.04 0.51 0.05

Block 0.05 0.25 0.02

Note: Lower case letters indicate a statistical difference (P < 0.05) between treatments.

Fig. 1. Changes in SPAD values in flag leaves after
anthesis under different treatments (greenhouse
experiment). Biostimulants were applied at the
second node stage.
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grains was observed, suggesting that biostimulants can enhance N
mobility in the flag leaf at early stages of plant development but
not at latter stage.

Remobilization

Senescence processes in wheat are associated with nutrient remo-
bilization from senescing leaves to other organs (Gregersen et al.,
2008). The chlorophyll indexes obtained from anthesis to com-
plete senescence have shown a premature loss of chlorophyll
due to biostimulant application. In many instances, premature
senescence is not a favourable outcome (Vilmus et al., 2014).
However, some authors suggest that accelerated senescence is cor-
related with an increased remobilization (Gaju et al., 2014).
Accordingly, we suggest that DPI4913 and AF086 could accelerate
leaf senescence and thus remobilization, at least under our grow-
ing conditions (plants with a single tiller, a single ear). Whether
this effect can appear in plants with more than a single tiller and
ear must be considered.

Effect of removal of fully-emerged flag-leaf on the amount of N
in grains at maturity

From the fully-emerged flag-leaf stage until harvest, the amount of
N in the flag-leaf only decreased by 1.78 mg for the control, 2.50 mg
for DPI4913 and 1.85 mg for AF086 treatments (Table 6). The
amount of N in grains was approximately 37 mg and 54 mg per
plant for the control and DPI4913, respectively. In terms of net N
fluxes, flag-leaf N resorption cannot be a major source for N
grain filling. The 15N labelling experiment suggests that the flag-leaf
played a central role in plant N metabolism. In order to study the
involvement of the flag-leaf in grain N filling other than through
remobilization, flag-leaf ablation was performed when the leaf
was fully emerged. This reduced the amount of N in grains per
ear at maturity by 5.92 mg (Table 8). This demonstrated that flag
leaves largely contribute to the mechanisms of grain N filling but
not as a main N source, as observed by Harper et al. (1987). The
increase in the amount of N in grains (and in the whole plant)
resulting from biostimulant application was associated with
enhanced labelled mineral N soil accumulated in the grains. On
the one hand, biostimulants could have enhanced soil N uptake,
resulting in enhanced plant growth but, on the other hand, biosti-
mulants could have enhanced plant growth through increasing P
or K or micronutrient uptake, resulting in enhanced soil N uptake.

Conclusion

This study provides clues about the mechanisms of action of
DPI4913 and AF086 biostimulants on durum wheat, biostimu-
lants that positively affect protein composition in terms of grain
quality (Pichereaux et al., 2019). Both biostimulants improved
yield (grain biomass), and N recovery in whole plants at maturity
was enhanced. However, the effect of the fungal biostimulant
AF086 was less pronounced than that of the marine biostimulant
DPI4913. A higher amount of N recovered in the crop would
result in less N leaching if the same amount of N fertilizer was
applied, positively impacting nitrate pollution issues. Because
biostimulants increase the amount of N supplied to the flag-leaf
recovered in grains at harvest, it would be relevant to evaluate
the interest of the use of biostimulants in combination with foliar
application of N on durum wheat to increase the protein concen-
tration in the grain.
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